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nao ser que o ache tao tedioso que exija perseveranca! Com a adversidade, porém,
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RESUMO

Foram estudados os efeitos de cinco diferentes tratamentos nas caracteristicas
bionémicas de Ceriodaphnia silvestrii : (1) d&gua do ambiente natural autoclavada e
filtrada através de rede de plancton de (20um) com fornecimento de Chlorella
lacustris como alimento; (2) agua do ambiente natural filtrada e autoclavada através
de rede de plancton de (20um) com fornecimento de Scenedesmus bijugus; (3)
meio de cultivo artificial (agua reconstituida mole) com fornecimento de
Scenedesmus bijugus; (4) meio de cultivo artificial (agua reconstituida) com
fornecimento de S. bijugus mais substancias humicas (20mg L™"); e (5) meio de
cultivo artificial (agua reconstituida dura) com fornecimento de S. bijugus.
Caracteristicas de crescimento e reproducédo foram observadas a cada 12 horas
desde o nascimento dos organismos até o momento de sua morte natural. A
temperatura de cultivo para todos os tratamentos foi de 25+1 °C. A taxa instantanea
de crescimento populacional (r) foi calculada para cada tratamento. A relacio peso-
comprimento foi também estabelecida para C. silvestrii. Os resultados mostraram
maior longevidade no tratamento com Chlorella lacustris, e maior fecundidade no
tratamento com agua natural e S. bijjugus. No tratamento com meio artificial, os
parametros de fecundidade e crescimento foram menores que no tratamento com
agua natural. O aumento na dureza ndo afetou o crescimento e a reproducédo de C.
silvestrii. A adicdo de substancias humicas resultou em valores maiores de
fecundidade e sobrevivéncia. A toxicidade aguda do cobre para o claddécero
Ceriodaphnia silvestrii também foi estudada tanto na presenga quanto na auséncia
de substancias humicas (SH). Grupos de 20 fémeas adultas de tamanhos
semelhantes foram expostas & diversas concentragdes de cobre (10°M a 10°M)
durante 24 horas. Os valores de LCs5, foram estimados através do método “Trimmed
Spearman-Karber”. A presenca de substancias humicas (20mg L™) alterou o valor
de LCs de 4,46x10°M (sem SH) para 1,08x10°M (com SH). A concentracdo de
cobre livre foi determinada através de eletrodo sensivel ao ion cobre: verificou-se
que a presencga de SH diminuiu a concentragao de ions livres presentes no meio. Os
valores de LCsy estimados baseando-se na concentracdo nominal de cobre variaram
significativamente entre os dois tratamentos, mas quando foram estimados
utilizando-se as leituras de cobre livre, os valores mostraram-se muito similares:
3,31x10®M na auséncia de SH, e 2,84x10®M na presenga de substancias humicas.
Os resultados obtidos neste estudo sugerem que C. silvestrii apresenta como
estratégia de acumulacao de cobre a regulacdo, apresentando a mesma quantidade
de cobre quando exposta a diferentes concentragbes deste metal na agua. A
presenga de substancias humicas no meio aquatico parece também néo influenciar
a bioacumulacdo de cobre por C. silvestri. Em ambos os tratamentos, as
concentracdes do metal em C. silvestrii apresentaram-se similares.
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ABSTRACT

Effects of different food sources and culture medium on life history traits of
Ceriodaphnia silvestrii were studied under controlled conditions. Animals were
submitted to five different treatments: (1) autoclaved natural water filtered through
plankton net of 20pum mesh size, supplied with Chlorella lacustris as food source; (2)
autoclaved natural water filtered through plankton net of 20um mesh size, supplied
with Scenedesmus bijugus; (3) soft reconstituted water supplied with S. bijugus; (4)
soft reconstituted water supplied with S. bjjugus plus humic substances (20mg L™);
and (5) hard reconstituted water supplied with S. bijugus. Observations were
performed at 12 hours intervals from organism birth until its natural death. All
treatments were kept in a 25x1 °C temperature. Instantaneous rate of population
increase (r) was calculated for all treatments. Body length-dry weight relationship
was also established. Results showed longer longevity in C. lacustris treatment, and
better fecundity on treatment with natural water and S. bijjugus. In the treatment with
artificial medium, fecundity and growing parameters were lower than in natural water
treatment. Increased hardness did not affect reproduction and growth values. Humic
substances addition resulted in greater fecundity and survival values. Copper acute
toxicity to Ceriodaphnia silvestrii (Cladocera, Daphnidae), was also studied in the
absence and presence of humic substances (HS). Groups of 20 adult females of
similar sizes were exposed to copper (total concentration range from 10 to 10 M)
for a period of 24h. LCsy was estimated by the Trimmed Spearman-Karber method. It
revealed that humic substances altered LCs, from 4.4 x 10® M without humic
substances to 1.1x10° M with 20mg HS L™ in the medium. Free copper ions were
determined in test media and it showed that humic substances reduced Cu®'
concentration. LCsy values based on total copper concentration varied significantly
between the two treatments. However, when lethality was estimated based on free
ion concentrations, the values were similar: 3.3 x 10 M without humic substances,
and 2.8 x 10® M when HS were present in the medium. Moreover, C. silvestrii is
capable of regulating its body copper levels over a range of copper availabilities, as
so many other crustaceans. As also reported, humic substances did not influence

copper bioaccumulation by C. silvestrii.
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1. INTRODUGAO

O constante avangco da tecnologia nos ultimos séculos tem
possibilitado ao homem modificar a natureza, utilizando-se dos recursos
naturais disponiveis para inumeros propositos. Como consequéncia,
observam-se descargas de residuos dos mais diversos tipos no ar, no solo e
na agua, que acabam por acumular substancias nocivas aos seres vivos em
toda a biosfera. Dentre essas substancias, podemos destacar os chamados
elementos-traco, que, segundo Odum (1983) sao elementos e seus
compostos necessarios em quantidades diminutas para a perfeita operagao
de sistemas vivos. Uma de suas fungdes é a participagcdo em sistemas
enzimaticos, como por exemplo o zinco, um cofator enzimatico.

Antes da era industrial, estes elementos estavam presentes em baixas
concentragcbes na agua dos ecossistemas aquaticos. Entretanto, a partir
desse periodo, os ciclos biogeoquimicos dos elementos-traco foram
fortemente alterados, tornando-os mais presentes nestes ambientes.

Sabe-se que o0 descarte inadequado de elementos-traco em
concentragdes acima das que ocorrem naturalmente no ambiente implica em
riscos a saude publica. Isto ocorre devido a alta toxicidade aos seres
humanos e a longa persisténcia no ambiente. No organismo humano o
acumulo de metais acaba por causar efeitos carcinogénicos, mutagénicos,

degenerativos, dentre outros. Pode-se citar como exemplo, as doengas de
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Minamata, em 1956, e ltai-ltai, em 1955, causadas por contaminagao por

mercurio e cadmio, respectivamente, no Japao (Laws, 2000).

1.1. BIOACUMULAGAO DE METAIS

O ponto de partida dos processos de bioacumulacdo e
biomagnificacdo € a tomada e acumulo de metais téxicos a partir dos niveis
troficos mais baixos: sdo os organismos produtores que estdo na base das
teias alimentares que, através de diversos mecanismos, concentram tais
elementos em seus corpos (Woodwell, 1964). Através dos processos de
bioacumulagdo e biomagnificagcdo, os metais podem se apresentar em
concentragbes elevadas nos organismos de niveis tréficos mais altos,
podendo, neste caso, ser duas, trés ou até mesmo mil vezes maior do que
na agua ou no ar (Laws, 2000). Logo, o homem situa-se em um dos pontos
de concentragao destas substancias.

Atualmente, alguns autores preferem separar os conceitos de
bioacumulagdo (ou bioconcentracédo) e biomagnificagcdo. Segundo Esser
(1986), o primeiro trata da capacidade de acumulagao de uma substancia,
através do meio circundante (agua ou ar) ou de seu alimento, por um dado
organismo. Ja a biomagnificagcdo consiste da transferéncia de uma
substancia quimica de um nivel tréfico inferior para um superior, resultando
em um fator, relacionando a quantidade daquela substancia presente no

nivel tréfico superior e a quantidade presente no nivel tréfico inferior.



1.2. O METAL COBRE

O cobre é um elemento-tragco encontrado naturalmente no meio
ambiente, e necessario em pequenas concentracbes para 0s seres Vivos,
constituindo, portanto, um micronutriente (O 'Kelley, 1974; Eysink et al, 1988;
Wetzel, 1993 e Esteves, 1998). Segundo Eysink et al (1988), o cobre é
essencial para os animais no processo de sintese da hemoglobina. Para as
plantas, sua presenca se faz necessaria em varias enzimas para realizacao
de funcbes vitais, além de exercer um importante papel na sintese da
clorofila, e portanto no processo fotossintético (O’'Kelley, 1974). Ainda
segundo Esteves (1998), o cobre (assim como o ferro) faz parte de
citocromos, na cadeia respiratoria.

Algumas das atividades humanas responsaveis pela introdugdo de
cobre nos ecossistemas aquaticos sao: corrosao de tubos de cobre e de
latdo por aguas acidas, uso de algicidas e fungicidas usados na preservagao
da madeira, residuos provenientes da industria de mineragdo, fundigcao,
galvanoplastia e refino (Alexandre & Szikszay, 1999). Oxidos e sulfatos de
cobre sdo usados como pesticidas, fungicidas e algicidas (Eysink et al,
1988). O cobre esta ainda presente nas principais minas de extracdo de
outros metais, associados a estes, na forma de sulfetos, 6xidos e carbonatos
(EPA — apud Eysink et al, 1976).

O cobre é um micro-nutriente para plantas e animais, mas em
concentragbes pouco mais elevadas causa efeitos deletérios a biota

(Esteves, 1998; Luoma, 1983; Stuijfzand et al, 1999). Segundo Heath (1995),
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varios metais como chumbo, mercurio, cadmio, cromo, prata e cobre podem
alterar, aumentando ou diminuindo, a atividade de muitas enzimas presentes
em diversos 6rgaos de peixes, tais como cérebro, coragao, figado, rins,
intestino, branquias, estbmago, dentre outros.

A ingestdo de altas doses de cobre pode acarretar, no homem,
irritacdo e corrosdo da mucosa, problemas hepaticos, renais, depressao e
irritacdo do sistema nervoso (Alexandre & Szikszay, 1999). Segundo Bennet
& Plum (1997), o homem é capaz de eliminar o excesso de cobre através da
bile. Entretanto, portadores da Doenca de Wilson tém essa capacidade
comprometida, e acumulam o metal no corpo progressivamente. Em estagio
avancado, o cobre se acumula no cérebro, e sio identificados sintomas

neuroldgicos e psiquiatricos, dentre outros.

1.3. METAIS E ORGANISMOS AQUATICOS

O estudo da acumulagdo de metais em organismos aquaticos vem do
interesse de se conhecer o destino e os caminhos tragcados pelos metais até
o topo das cadeias tréficas. Muitos estudos ja publicados (Giesy et al, 1983;
Rainbow & White, 1989; Rainbow & Dallinger, 1991; Wren & Stephenson,
1991; Borgmann et al, 1993; Bat et al, 1998; Reinfelder, 1998; Rainbow,
2002) tém ressaltado a acumulagdo de metais em organismos aquaticos
como consequéncia da poluigdo de corpos d’agua. Estes apresentam como
principais objetivos: (i) compreender o destino destes poluentes nos

ecossistemas, (ii) identificar o efeito destes poluentes na dindmica das
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cadeias alimentares e (iii) avaliar o grau de alteragao sofrido pelos ciclos
biogeoquimicos.

A acumulagao de metais em invertebrados aquaticos pode ser dividida
em trés fases: (1) ingestdo do metal; (2) transporte, distribuicdo e sequestro
do metal dentro do corpo do animal; e (3) excre¢do do metal — que, em
algumas espécies, é ausente. O inter-relacionamento destes trés processos
define a estratégia de acumulagcdo de um determinado invertebrado
(Rainbow & Dallinger, 1991).

Segundo Rainbow & Dallinger (1991), as estratégias de acumulagao
variam dentro de uma mesma espécie para diferentes metais, e entre
diferentes espécies para o0 mesmo metal, até para taxons estreitamente
aparentados. Estas estratégias apresentam um gradiente, desde uma forte
acumulagao liquida, passando por uma acumulagéao liquida fraca (regulagao
parcial) até a regulagdao completa. A acumulagao liquida € o resultado do
balanco entre a ingestao e a excregao, podendo ou nao envolver a excregao
do metal.

Animais considerados acumuladores para um determinado metal
apresentam valores de ingestdo maiores que os de excregdo. Animais
denominados reguladores sdo os que mantém a concentracao total de metal
em seus corpos em um nivel aproximadamente constante sob grandes
variagbes de metal biodisponivel no ambiente ao longo do tempo (Rainbow &

White, 1989; Rainbow & Dallinger, 1991).
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A acumulagcdo de metais por organismos aquaticos pode ser
influenciada por diversos fatores, tais como: qualidade da alimentacao e
disponibilidade de alimento (Gorbi et al, 2002; Rainbow & Dallinger, 1991),
temperatura da agua e comprimento da cadeia alimentar (Boudou & Ribeire,
1989), relagao superficie-volume (Koivisto et al, 1992), tempo de exposicao,
concentragdo do metal na agua (Borgmann et al, 1993), tamanho das presas
contaminadas (Twiss et al, 1996), condigbes fisico-quimicas do ambiente,
estagio fisiolégico e de desenvolvimento do organismo (Rainbow & Dallinger,
1991), e estratégias de acumulagdo de metais particulares de cada espécie

(Rainbow & White, 1989; Borgmann et al, 1993).

1.4. O PAPEL DA MATERIA ORGANICA DISSOLVIDA (MOD)

Dentre as condicdes fisicas e quimicas do ambiente citadas acima,
estd compreendida a matéria organica dissolvida, que € capaz de alterar a
especiacao de metais como mercurio (Sjoblom et al, 2000), cobre e zinco
(Wilson, 1978; Eriksen et al., 2001; Gundersen & Steinnes, 2003; Cao et al.,
2004).

Muitos estudos (Giesy et al, 1983; Winner, 1984; Winner, 1985;
Winner & Gauss, 1986; Wang, 1987; Oikari et al, 1992; Porta & Ronco, 1993;
Ashley, 1996; Lores & Pennock, 1998; Kim et al., 1999; Ma et al., 1999;
Stuijfzand et al, 1999; Lores & Pennock, 1999; Sjéblom et al, 2000;) indicam
que as substancias organicas denominadas substancias humicas (e suas

fragcbes) exercem influéncia sobre a especiacdo, biodisponibilidade e
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toxicidade do metal cobre para os organismos aquaticos: elas podem
também diminuir a biomagnificacdo de metais no zooplancton, e assim,
influenciar nas rotas e na dinamica dos elementos-trago através das cadeias
troficas.

Segundo Rocha & Rosa (2003), apenas nos ultimos trinta anos o
interesse pelo estudo das substancias humicas aquaticas (SHA) aumentou,
principalmente em razdo da conscientizacdo sobre a importancia da
qualidade quimica da agua para consumo humano. Neste contexto, o
entendimento das propriedades das SHA associadas ao transporte,
labilidade e complexacdao de espécies metalicas no sistema aquatico é
relevante do ponto de vista ambiental.

Segundo Hatcher et al (1983), os compostos organicos naturais
encontrados no solo ou nos sedimentos podem ser classificados tanto como
himicos quanto como ndo-humicos. Os compostos humicos séao
considerados como sendo o produto quase resistente a degradagao durante
0 processo de decomposicdo da matéria vegetal terrestre e aquatica. Sao
substancias organicas quimicamente complexas, com um alto grau de
aromaticidade, que podem ter sua massa molecular variando de poucas
centenas a milhares de Daltons. S&do compostos por acido humico, acido
fulvico e humina. A diferenga entre estes tipos esta na solubilidade em acidos
ou alcalis. Os acidos humicos séo soluveis em alcalis e insoluveis em acidos
ou agua. Estruturalmente, os acidos humicos variam muito dependendo de

sua origem. Uma grande diferenca estd na abundancia de estruturas
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aromaticas nos acidos humicos de origem terrestre, quando comparados
com os encontrados em ambientes aquaticos. Hatcher et al — apud Ashley
(1996) atribuem esta diferenga ao fato de que os acidos humicos de origem
terrestre sdo, na sua maioria, derivados de residuos de lignina (material com
alto teor de anéis aromaticos polifendlicos) dos vegetais superiores.

As moléculas de acido fulvico tém a propriedade de se associarem a
ions metalicos, como calcio, magnésio, cobre, ferro, cadmio, zinco, vanadio e
niquel. Enquanto que cations monovalentes, como sddio e potassio, formam
ligacbes eletrostaticas fracas com grupos simples nas moléculas de acido
fulvico, os ions metalicos divalentes (como o cobre, o cadmio e o zinco)
podem se ligar a dois sitios adjacentes, formando um “anel” de complexagao,
que geralmente € muito mais forte do que o formado por apenas um sitio de
ligacdo. Em valores intermediarios de pH, as ligagbes metal-acido fulvico sdo
favorecidas.

Saar & Weber (1982) destacam ainda a importancia do estudo sobre
as interagdes metal-acido fulvico: (1) a complexagdo de metais por AF
modifica a biodisponibilidade e a consequente toxicidade destes metais para
a biota; (2) o AF pode modificar a mobilidade geoquimica de ions metalicos,
atuando como tampao; (3) o AF é capaz de mudar a habilidade dos
tratamentos de agua em remover os ions metalicos, aumentando a
quantidade de metais removidos da &agua sob tratamento. E importante
ressaltar que tais propriedades dos acidos fulvicos podem ser extrapoladas

para as substancias humicas.
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1.5. FORMAS TOXICAS DE UM METAL

Esta bem descrito na literatura que a toxicidade de um metal esta mais
relacionada com sua forma quimica (especiacdo) do que com a
concentragao total no meio aquatico (Sunda & Guillard, 1976; Andrew et al.,
1977; Bresnahan et al., 1978; Giesy et al., 1983; Luoma, 1983; Wang, 1987,
Meador, 1991; Allen & Hansen, 1996; Kim et al., 1999; Ma et al., 1999;
Gagneten & Vila, 2001; Lombardi et al., 2001). Estes autores demonstram
que a toxicidade do metal cobre esta diretamente relacionada com a
concentracdo de ions livres de cobre no meio aquatico, e ndo com a
concentragao total deste metal. Demonstram também que a matéria organica
dissolvida, dentre elas as substancias humicas (e suas fragdes), reduzem a
concentracido de ions livres no meio, desta maneira atenuando a toxicidade
do cobre para os organismos aquaticos.

Um dos parametros mais comuns para quantificagcdo da toxicidade de
um determinado ion metalico é a toxicidade aguda — LC50 — i.e., uma
determinada concentracdo do metal capaz de matar 50% dos organismos
expostos a este metal durante um certo tempo de exposigdo. Em
investigacdes sobre toxicidade de metais, diversos autores nao levam em
conta a forma quimica do metal (Winner & Farrell, 1976; Adema, 1978;
Koivisto et al., 1992; Oikari et al., 1992; Borgamnn et al., 1993; Porta &
Ronco et al, 1993; Zou & Bu, 1994; Arambasic et al., 1995; Koivisto & Ketola,

1995), considerando, desta maneira, que todas as formas quimicas exercem
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o mesmo efeito téxico. Conseqlientemente, corre-se o risco de avaliar, de
maneira equivocada, a toxicidade do metal estudado.

Neste contexto, o presente estudo pretende avaliar o papel das
substancias humicas na especiacdo, toxicidade e acumulacido do metal
cobre para uma espécie de zooplancton lacustre herbivoro comumente
presente nos lagos e reservatérios brasileiros: a Ceriodaphnia silvestrii

(FIGURAS 1 e 2).

Cecos digestivos

Olho composto

Boca

Antenas

Intestino

Exoesqueleto

FIGURA 1. Desenho esquematico de Ceriodaphnia sp. Retirado e modificado
a partir de Munger et al. (1999).
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1.6. 0 ZOOPLANCTON: UMA IMPORTANTE COMUNIDADE

Espécies zooplanctbnicas sdo consideradas uma comunidade
importante dentro dos ecossistemas aquaticos por conta de seu papel na
cadeia trofica. Elas representam a via de passagem dos fluxos de matéria e
energia dos produtores primarios para os consumidores de topo de cadeia
(Abrantes & Gongalves, 2003). Logo, é de grande interesse o estudo dos
mecanismos que afetam suas populagbes, com implicacbes em sua

reproducao e sobrevivéncia.

FIGURA 2. Aspecto geral de uma fémea de Ceriodaphnia silvestrii. Aumento
de 100x.

Alguns dos fatores ambientais mais importantes que controlam o
crescimento e a reproducao das espécies zooplanctdnicas sao temperatura,
qualidade e quantidade de alimento, e a agua de cultivo (Abrantes &
Gongalves, 2003; Vijverberg, 1989). Os efeitos destes fatores estdo bem

descritos na literatura para muitas espécies de Cladocera (Abrantes &
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Gongalves, 2003; Diaz-castro & Hardy, 1998; Hardy & Duncan, 1994, Infante
& Litt, 1985; Lundstedt & Brett, 1991; Vijverberg, 1989). No entanto, sabe-se
pouco sobre a bionomia de Ceriodaphnia silvestrii, uma espécie
zooplancténica comum em reservatérios neotropicais (Rietzler, 1998;
Fonseca, 1991; Fonseca, 1998).

Pretendeu-se também, neste estudo, avaliar a influéncia das
substancias humicas nas caracteristicas bionémicas dessa espécie de
cladécero. Para tanto, foram acompanhados os ciclos de vida de animais
cultivados em laboratério sob diferentes condi¢gdes experimentais (qualidade
do alimento, meio de cultivo, presenga e auséncia de substancias humicas)
para fins comparativos. A contribuicdo com informacbdes a respeito da
biologia da espécie também foi tida com objetivo, ja que instituigdes como a
ABNT e CETESB pretendem substituir espécies exdticas atualmente
utilizadas em ensaios ecotoxicoldgicos no Brasil por C. silvestrii, uma espécie

nativa e comum em ambientes aquaticos brasileiros.

1.7. ORGANIZAGAO DA DISSERTAGAO

Esta dissertacdo estd dividida em capitulos, na forma de artigos
cientificos, os quais estdo apresentados nas normas das revistas nas quais
se pretende submeté-los para publicagao.

O primeiro capitulo intitulado “Life history responses of Ceriodaphnia
silvestrii Daday (Crustacea, Cladocera) to variation in food source, culture

medium, hardness and presence of humic substances” trata da
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caracterizagao da espécie de Cladocera C. silvestrii (Crustacea, Cladocera),
quanto ao seu ciclo de vida em condi¢des controladas em laboratorio. Foram
observados os efeitos de diversos fatores, tais como a agua de cultivo, a
qualidade do alimento e a presenga de substancias humicas, nas
caracteristicas bionbmicas desta espécie. Pretende-se submeter este
manuscrito para publicagao no periédico Hydrobiologia (hormas em Anexo).
O segundo capitulo intitulado “The effects of humic substances on
ionic copper acute toxicity and accumulation by Ceriodaphnia silvestrii
(Crustacea, Cladocera)’ trata da influéncia das substancias humicas na
toxicidade aguda do metal cobre para a espécie de Cladocera C. silvestrii.
Avalia, também, o papel das substancias humicas na bioacumulacdo do
metal pela espécie estudada. Pretende-se submeter este trabalho para

publicagdo no periédico Freshwater Biology (normas em Anexo).
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25
2. OBJETIVOS

OBJETIVOS PRINCIPAIS
1. Verificar a influéncia das substancias humicas em duas espécies do metal

cobre, na sua toxicidade e bioacumulagcdo em C. silvestrii.

2. Verificar uma possivel relagao entre a toxicidade aguda do cobre para C.

silvestrii e a concentracéo de ions livres no meio aquatico.

3. Obter informacbes sobre a bionomia da espécie zooplanctonica C.
silvestrii, cultivada em diferentes condi¢gdes laboratoriais, variando agua de
cultivo, alimento, dureza total, e presengca e auséncia de substancias

humicas.

OBJETIVOS ESPECIFICOS

1. Verificar qual a estratégia de bioacumulacdo do metal cobre adotada por

C. silvestrii.

2. Verificar se ha diferencas entre os valores de LCsy calculados baseando-

se na concentragao de cobre total e na de cobre livre.
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3. Cultivar, em laboratério, espécies de claddceros presentes no reservatoério
de Barra Bonita para a obtencdo de organismos a serem utilizados nos

experimentos do presente estudo.

4. Cultivar, em laborat6rio, microalgas planctonicas, a serem utilizadas como

fonte alimentar para as espécies zooplancténicas herbivoras cultivadas.



3. MATERIAL E METODOS

3.1. ESPECIE ZOOPLANCTONICA ESTUDADA

A maioria das espécies pertencentes a ordem Cladocera é filtradora
obrigatoria, tendo, para isto, estruturas especializadas para a respiragao e
coleta de alimentos, apresentando um certo grau de selecao e rejeicao de
particulas (Arnold, 1971). Segundo EI Moor-Loureiro (1997), a filtracado da
agua em Cladocera ocorre da seguinte maneira: uma corrente continua de
agua é criada através das valvas do animal pelas suas patas (de 4 a 6 pares,
localizados ventralmente). As particulas de alimento presentes na agua sao
retidas pelas cerdas das patas, e recolhidas em um sulco ventral mediano e
misturadas a secre¢ao de uma glandula que se abre na base do quarto par
de patas. O alimento é, entdo, empurrado em direcao a boca. Massas de
secrecao e alimento sao trituradas pelas mandibulas e, depois, ingeridas. O
alimento é, na sua maior parte, constituido por algas, protozoarios, detritos
organicos e bactérias. A distancia entre as cerdas presentes nas patas dos
animais é que condiciona o tipo de alimento que é filtrado. Segundo Arnold
(1971), o alimento pode ser rejeitado quando: (1) a quantidade coletada é
maior do que a que pode ser ingerida; (2) quando o alimento é fisicamente
inaceitavel (e.g. coldnias ou filamentos muito grandes); (3) quando o alimento
€ quimicamente inaceitavel. Alguns tipos de alimentos podem passar pelo

trato digestivo dos animais e ndo serem digeridos.
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A espécie estudada no presente trabalho é Ceriodaphnia silvestrii
(FIGURAS 1 a 3), da familia Daphniidae. Alimenta-se principalmente de
algas, bactérias e detritos organicos. Foi escolhida por ser uma espécie de
facil cultivo em laboratério (reprodugéo partenogenética e ciclo de vida curto),
pelo fato de ser uma espécie de ocorréncia comum na represa de Barra
Bonita (Barra Bonita, SP), ser filtradora obrigatdria, podendo estar sujeita as
influéncias da matéria organica dissolvida (como as substancias humicas
utilizadas no presente trabalho), e ser utilizada rotineiramente em testes de

toxicidade no Brasil.
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fémea de C. silvestrii. Aumento
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FIGURA 3. Detalhe do pés-abdémen de uma
de 200x.

Segundo El Moor-Loureiro (1997), Ceriodaphnia silvestrii € descrita

pelas seguintes caracteristicas: Forma da carapaga arredondada, com a

margem ventral muito arqueada; projecdo do angulo posterior-dorsal muito

desenvolvida. Sinus cervical profundo, cabega anteriormente globosa. Olho

grande, preenchendo quase toda a por¢ado anterior da cabecga. Fornices
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projetados lateralmente, mas nao formando uma ponta aguda. Anténula
muito curta e inchada medianamente. Antena com dois tufos de espiculas no
ultimo segmento do exopodito. Pds-abdémen um pouco estreitado
distalmente, com 9-12 espinhos anais e delicados tufos de espiculas laterais.
Garra com pecten proximal de espiculas finas. Fémeas adultas medindo

entre 0,86 e 0,88mm.
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3.2. MANUTENGAO DAS CULTURAS DE C. silvestrii

3.2.1. Culturas-estoque

As culturas da espécie zooplanctonica estudada foram formadas a
partir de exemplares coletados na represa de Barra Bonita, previamente
triados e identificados. A identificacdo foi feita com auxilio de literatura
especializada (Matsumura-Tundisi, 1983; ElI Moor-Loureiro, 1997). Os
animais identificados como sendo da mesma espécie foram colocados juntos
em cubas com capacidade de 2 a 5 litros, para evitar a formacido de
populacdes monoclonais.

Inicialmente, as culturas-estoque foram mantidas em agua do proprio
ambiente, filtrada em rede de 20um de abertura de malha e autoclavada a
120°C por 30 minutos, para a retirada de qualquer outra fonte alimentar e
morte de predadores. Gradualmente, a agua de cultivo foi sendo substituida
por agua dos tanques da Area experimental do Departamento de Ecologia e
Biologia Evolutiva (UFSCar), autoclavada a 120°C por 30 minutos, e
finalmente por agua reconstituida, segundo as normas da U.S. EPA (1991).
A agua das cubas das culturas-estoque foi trocada uma vez por semana.

A alimentacao das culturas-estoque foi feita através do fornecimento
de solugdes unialgais de Scenedesmus bijugus, e complementada com o
fornecimento de alimento composto de racédo de peixe fermentada e
fermento biolégico, como descrito em Sipauba-Tavares & Rocha (2001). A

alimentagdo com as algas e a ragao foi fornecida aos animais trés vezes por
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semana, numa concentracédo na ordem de 10° células.mL™' e de trés a quatro

gotas por cuba, respectivamente.

3.2.2. Cultivo de microalgas para alimentagao de C. silvestrii

Para a alimentacdo dos claddceros mantidos em laboratério, foram
feitos cultivos unialgais da espécie S. bijugus em meio WC modificado por
Lombardi & Vieira (2000), a partir de Guillard & Lorenzen (1972) (TABELA 1).
A escolha da espécie algal foi determinada pela facilidade de cultivo e por
ser considerado um alimento de boa qualidade (Vijverberg, 1989).

Para o cultivo de S. bijugus, 600 mL de meio de cultivo WC eram
autoclavados a 120° C por 30 minutos, e inoculado com a alga apés, pelo
menos, 24 horas. As culturas unialgais foram mantidas em sala aclimatada
em temperatura de 21° C (x1°C). Apds atingir a fase exponencial de
crescimento, o0 meio contendo a cultura era centrifugado a 1800 RPM por 20
minutos e ressuspendido no mesmo meio de cultivo de C. silvestrii,
previamente autoclavada a 120° C por 30 minutos.

O numero de células algais foi contado com a ajuda de uma camara
de Neubauer, a fim de se determinar o volume de solugdo algal a ser
fornecido aos claddceros numa concentragdo da ordem de 10° células.mL™.
Até seu término, a solugéo algal foi mantida em geladeira por um periodo

maximo de 15 dias.
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Chlorella lacustris, uma das espécies de alga utilizada nos
experimentos de caracterizagao biondbmica de C. silvestrii, foi cultivada
seguindo os mesmos métodos que foram utilizados para S. bijugus.

TABELA 1. Composi¢ao do meio WC, a partir de Guillard & Lorenzen, 1972,
e modificado por Lombardi & Vieira (2000).

Concentragao Concentragao

Composto
(mg L") (10° ™)

CaCl, . 2H,0 36,76 250
MgSO, . 7TH,0O 36,97 150
NaHCO; 12,6 150
Ko,HPO, 8,71 50
NaNO, 85,01 1000
Na,SiO; . 9H,0 28,42 100
FeCl; . 6H,0 3,15 11,7
CuSO, . 5H,0 0,01 0,04
ZnS0, . 7TH,0 0,022 0,08
CoCl, . 6H,0 0,01 0,05
MnCl, . 4H,0 0,18 0,9
Na,MoO, . 2H,0 0,006 0,03
H3BO; 1,0 16,0
Vitaminas
Thiamina HCI 0,1
Biotina 5x10*

B12 5x 10-4
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3.3. CARACTERIZAGAO BIONOMICA DE C. silvestrii

3.3.1. Estudo bionémico de Ceriodaphnia silvestrii

O estudo do ciclo de vida de Ceriodaphnia silvestrii foi realizado em
camara incubadora, marca FANEM, modelo 347 CD, na temperatura de 25°C
(x1°C), com fotoperiodo de 12 horas claro: 12 horas escuro. Os animais
foram cultivados individualmente em tubos de ensaio, com volume
experimental de 50mL. A &gua contendo cada individuo foi trocada
diariamente, pela manh3, e o tubo de ensaio enxaguado com agua destilada.
Alimento fresco era adicionado a cada manh&a. Foram feitas duas
observagbes diarias, a cada 12 horas. A agua de cultivo usada foi agua
reconstituida, seguindo norma da U.S. EPA (U.S. EPA, 1991).

Para o inicio dos experimentos, foram separadas fémeas ovadas de
C. silvestrii. Periodicamente, as neonatas recém-eclodidas com até 12 horas
de vida eram recolhidas e cada individuo colocado em um tubo de ensaio
contendo agua de cultivo. Assim, teve-se uma idéia aproximada da idade de
cada individuo, com uma margem de erro de, no maximo, 6 horas.

As variaveis bionémicas observadas e suas definicbes seguem Bottrell

(1975) e Vijverberg (1989):

e Comprimento do corpo: Medida tomada apenas apdés o

aparecimento de uma exuvia. O comprimento total do corpo foi
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tomado com a ajuda de uma lupa Leica, modelo MZ6, indo do topo da
cabeca até a extremidade posterior da carapaca.

Periodo embrionario: intervalo de tempo entre o aparecimento de um
ovo na camara incubadora e o nascimento de um neonato proveniente
daquele ovo. (= duragao de desenvolvimento do ovo/embrionario).
Fecundidade: Numero de ovos depositados na camara incubadora
em uma dada cria ou para uma dada fémea.

Numero de neonatas eclodidas: Este valor por ser dado ou por cria
ou por fémea (considerando todo o seu periodo reprodutivo).
Porcentagem de eclosdo: Relacdo entre o numero de neonatos
eclodidos numa dada cria ou para uma dada fémea e o numero de
ovos depositados na camara incubadora numa dada cria ou para uma
dada fémea.

Idade primipara: Idade em que o juvenil atinge a maturidade sexual,
que se da pela deposicédo dos primeiros ovos na camara incubadora.
Numero de estadios até a idade primipara: Numero de estadios
(instares) decorridos até a deposicdo dos primeiros ovos na camara
incubadora (=instares da fase juvenil).

Numero total de estadios: Numero de instares apresentados pelo
individuo desde o momento de seu nascimento até sua morte.
Longevidade: Intervalo de tempo decorrido desde seu nascimento até

sua morte.
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e Intervalo na producao de ovos: Intervalo de tempo entre duas
deposicbes de ovos consecutivas na camara incubadora de uma

fémea.

Outros parametros também foram observados, para posterior
comparagao entre os diferentes tratamentos, como p. ex. sobrevivéncia,
numero meédio de neonatos por fémea por instar, propor¢do de ovos nao
viaveis, e numero médio de neonatos acumulados por fémea.

Neonatos com até 12 horas de vida foram submetidos a quatro
diferentes tratamentos: 1. (BBChl) agua do ambiente natural autoclavada e
filtrada através de rede de plancton de 20um de abertura de malha, com
fornecimento de Chlorella lacustris como alimento; 2. (BBScen) agua do
ambiente natural autoclavada e filtrada através de rede de plancton de 20um
de abertura de malha, com fornecimento de S. bijugus como alimento; 3.
(AR) meio de cultivo artificial (agua reconstituida mole) com fornecimento de
S. bijugus como alimento; 4. (ARSH) meio de cultivo artificial (agua
reconstituida) com fornecimento de S. bijugus como alimento, mais
substancias humicas (20mg L™); e 5. (ARHard) meio de cultivo artificial (4gua
reconstituida dura) com fornecimento de S. bijjugus como alimento. A
concentracdo de substancias humicas utilizada equivale a 10mg C L7,
concentragcdo média encontrada no reservatério de Barra Bonita, SP

(Gouvéa et al, em prep.).
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3.3.2. Relagao comprimento / peso de Ceriodaphnia silvestrii.

Paralelamente ao experimento biondmico, foi determinada a relacéo
comprimento-peso para C. silvestrii. Para isso, foram utilizados individuos
provenientes das culturas-estoque mantidas em laboratério. Para a
determinacao da relacdo comprimento/peso, foi feita a determinacao do peso
seco dos animais descrito na literatura (Bottrell et al, 1976; Masundire, 1994),
como o método mais preciso e indicado para tais calculos. Animais em trés
classes de tamanho foram medidos e pesados: neonatas com até 24 horas
de vida, jovens e fémeas adultas grandes, sem ovos. Para cada uma das
categorias de tamanho, foram feitas pelo menos 3 réplicas. Em cada réplica,
foram utilizados de 20 a 40 individuos de C. silvestrii. Apés medi¢ao para
determinagao do comprimento (do topo da cabecga até a base do espinho
caudal) com auxilio de uma lupa Leica modelo MZ6, os animais foram
colocados em cadinhos de aluminio previamente secos em estufa a 65°C por
24 horas e pesados (P1) com auxilio de uma balanga microanalitica Mettler
Toledo, modelo UMT2 (legibilidade de 0,1ug). Os cadinhos contendo os
animais foram colocados novamente em estufa a 65°C por pelo menos 24
horas, e pesados novamente (P2). A diferenca entre P2 e P1 representa o
peso total dos individuos.

Através destes dados, obteve-se uma curva do tipo poténcia, do tipo

b
W =a.l , onde:
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W é o peso seco do animal (em ug), a e b sao constantes, e L é o
comprimento do animal (em mm). Através de regressao, chega-se a uma
relacdo peso-comprimento para C. silvestrii. As regressdes foram realizadas

com a utilizacado do software Origin 6.0.

3.3.3. Determinagao da taxa instantanea de crescimento da populagao
(r).

A taxa instantdnea de crescimento populacional (r) pode ser
considerada um bom parametro para se ter uma estimativa dos diferentes
efeitos dos tratamentos realizados no estudo bionémico sobre C. silvestrii.
Ele pode indicar a capacidade de uma dada populacdo de aumentar seu
tamanho ao longo do tempo (Ricklefs, 1990), e é calculado utilizando-se a

seguinte férmula:

n
ZPI m.e " =1
i=1 ’

onde e é a base do logaritmo natural; P; € a proporgao de fémeas vivas na
idade i; m; € o numero médio de neonatos por fémea na idade J; e i € dado

em instars (1...n).
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3.4. INFLUENCIA DAS SUBSTANCIAS HUMICAS NA TOXICIDADE E

BIOACUMULAGAO DO COBRE EM C. silvestrii.

3.4.1. Testes de toxicidade

Para verificar a influéncia das substéncias humicas na toxicidade e
bioacumulagao de cobre em C. silvestrii, foi utilizada a concentracao de 20
mg L de SH, e as seguintes concentracdes de cobre (M): 10%; 1,6x107%;
4x10®%; 107; 10°%; 2x10®; 5x10° e 10°. A agua utilizada no experimento é a
mesma utilizada no cultivo das culturas-estoque (agua reconstituida,
segundo as normas da USEPA, 1991). As solugdes contendo o metal e as
substancias humicas eram feitas duas horas antes do inicio do periodo de
incubagao dos animais. Todos os experimentos foram feitos em trés réplicas.

Vinte individuos adultos de tamanhos semelhantes foram medidos
(quanto ao comprimento) e deixados em um frasco com agua reconstituida
por aproximadamente 1 hora sem alimento, para que o trato digestivo fosse
esvaziado. Os animais foram, entao, colocados em frascos de policarbonato
previamente lavados com HNOj3; 1M, contendo 60mL de solugéo de cobre
com ou sem adicao de substancias humicas. Os frascos contendo os animais
foram, entao, incubados em sala com temperatura e fotoperiodo controlados,
na temperatura de 25°C (£1°C), com fotoperiodo de 12 horas claro: 12 horas
escuro, durante 24 horas. Os frascos de incubagdao foram mantidos
tampados para evitar perdas por evaporacdo. Depois de decorrido este

periodo de tempo, os animais vivos e mortos foram separados e contados, e
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colocados em filtros de acetato-celulose previamente lavados em HNO; 0,1M
por 24 horas, secos e pesados em balanca microanalitica Mettler Toledo
UMT2 (legibilidade de 0,1 ug). Os filtros, entdo, foram deixados em estufa a

60°C por 24 horas, e pesados novamente para determinagao do peso seco.

3.4.2. Determinagao dos valores de LCs,.

A partir dos dados de mortalidade dos individuos de C. silvestrii
expostos as diferentes concentracbes de cobre (com e sem a adicédo de
substancias humicas), foram feitas determinagcées dos valores de LCsg
baseadas tanto nos valores de cobre nominal, quanto nos valores de cobre
livre obtidos através das leituras do ISE. Para tal, utilizou-se o método

“Trimmed Spearman-Karber”, descrito por Hamilton (1977).

3.4.3. Determinagao de cobre livre na agua.

Para as determinacdes de cobre livre, as amostras preparadas para
leitura tiveram sua forga ibnica ajustada para 0,1M através da adi¢cao de
NaNOs3; 1M, e o pH ajustado para 6,8 através da adi¢ao de tampao PIPES. As
leituras foram realizadas antes e depois do periodo de incubacido dos
animais, e cada amostra tinha o volume final de 60mL, sendo que 50mL era
constituida por uma aliquota da agua na qual os organismos foram
incubados.

Saar & Weber (1982) citam alguns fatores que podem modificar os

resultados obtidos em experimentos com acidos fulvicos (AF): a fonte da qual
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se extraiu o AF, o método de isolamento, a concentracao utilizada, a forga
ibnica, a temperatura, o pH, métodos de analise dos complexos formados e
métodos de manipulacdo de dados. Portanto, todas estas variaveis do
sistema devem estar controladas o maximo possivel durante os
experimentos, para se produzir resultados comparaveis com a literatura e

que possam ser interpretados corretamente.

3.4.3.1. Calibragao do ISE.

Geralmente, o eletrodo sensivel a cobre é capaz de detectar
concentracdes de cobre livre até cerca de 107 M (pCu = 7). Entretanto, é
possivel detectar concentragdes de até 10" M (pCu = 11) (Jardim et al.,
1986). A metodologia para calibragdo do ISE encontra-se descrita em
Lombardi & Vieira (2000). A FIGURA 4 mostra uma curva tipica de calibragao
deste equipamento. As calibracbes eram realizadas diariamente, no inicio do

dia, com padrées de cobre (CuCl,, Merck) preparados também diariamente.
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mY = 3269 + 28 & log([cobre livre, M]}
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FIGURA 4. Tipica curva de calibracédo do ISE. R = 0,99974.
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3.4.4. Determinagao de cobre total nos animais.

A digestao dos animais, para analise de cobre total, foi feita através da
adicao de 200uL de HNOs ultra-puro (J.T. Baker) a cada amostra, a qual foi
colocada em um frasco de Teflon (com tampa de rosca) previamente lavado
com HNO; (15,76M). Apds a adigdo de HNOs3;, os frascos foram levados a
estufa a 90°C por 48 horas. A leitura das amostras foi realizada em um
polarégrafo, marca EG&G Instruments, modelo 303A SMDE, através da
técnica DPASV (Polarografia anddica de pulso diferencial).

Para as determinacdes de cobre no polarografo, o pH das amostras foi
ajustado para 2,0 e utilizado tampao inorganico KCI/HCI (0,09/0,01M), que
também foi empregado como eletrélito de suporte, fornecendo uma forca
ibnica de 0,2M. Todas as determinagdes foram feitas através do método de
“adicdo de padrao”. Dessa maneira, consegue-se minimizar problemas de
variagao entre amostras e os erros experimentais sdo menores que 0s do
procedimento classico, do uso de curvas de calibragdo. O potencial inicial foi
de —-0,7V e o final de —0,09V. Altura do pulso de 50mV. Os valores, obtidos
em intensidade de corrente (nA), foram transformados para concentragao
molar através da curva de calibracdo das adicoes.

A partir das leituras de metal total presente nos animais, foi calculada

a quantidade de metal acumulado por unidade de peso seco de C. silvestrii

(ugCu pgPS™).
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3.4.5. Determinacao de cobre total na agua.

Para a determinagcdo de metal total presente na agua, uma aliquota
inicial (antes da incubacéao) foi retirada e fixada com HNO; (concentragao
final de 2M), para posterior leitura em um polarégrafo, marca EG&G
Instruments, modelo 303A SMDE. Até o momento das leituras, as amostras
foram mantidas refrigeradas. O tratamento dado as amostras para leitura no

polarografo € semelhante ao dado as amostras de cobre total nos animais.
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Abstract

Effects of different food sources and culture medium on life history traits of
Ceriodaphnia silvestrii were studied under controlled conditions. Animals
were submitted to five different treatments: (1) autoclaved natural water
filtered through plankton net of 20um mesh size, supplied with Chlorella
lacustris as food source; (2) autoclaved natural water filtered through
plankton net of 20um mesh size, supplied with Scenedesmus bijugus; (3) soft
reconstituted water supplied with S. bijugus; (4) soft reconstituted water
supplied with S. bijugus plus humic substances (20mg L™); and (5) hard
reconstituted water supplied with S. bijugus. Observations were performed at
12 hours intervals from organism birth until its natural death. All treatments
were kept in a 25+1 °C temperature. Instantaneous rate of population
increase (r) was calculated for all treatments. Body length-dry weight
relationship was also established. Results showed longer longevity in C.
lacustris treatment, and better fecundity on treatment with natural water and
S. bijugus. In the treatment with artificial medium, fecundity and growing
parameters were lower than in natural water treatment. Humic substances
addition resulted in greater fecundity and survival values. Increasing in water
hardness did not result in better suitability of reconstituted water to C.

silvestrii.
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Introduction

Zooplankton has an important role in trophic chains of aquatic
ecosystems, significantly contributing to matter and energy flux from the
primary producers to the top consumers (Abrantes & Gongalves, 2003).
Particularly cladoceran zooplankters, as efficient filters, take a relevant part
on this flux. As generalist herbivores, these animals do not feed only on
algae, but also on bacteria, organic detritus and dissolved organic matter
(Arnold, 1971; Sarnelle, 1986; Vijverberg, 1989; Boersma & Vijverberg, 1996;
Abrantes & Gongalves, 2003). Besides the importance of cladoceran species
on aquatic food webs, they are also commonly used as test organisms in
aquatic toxicology in order to evaluate the effects of a wide range of
chemicals on aquatic biota (Winner et al., 1977; Adema, 1978; Oikari et al,
1992; Koivisto et al, 1992; Arambasic, 1995; Koivisto & Ketola, 1995;
Versteeg et al, 1997; Heijerick et al, 2003). For these reasons, it is of great
interest to study mechanisms affecting its population dynamics, energy
allocation strategies, reproduction and survival.

Some of the most important environment factors controlling
zooplankton growing and reproduction are temperature, food quantity and
quality, and suitability of the physical environment (Vijverberg, 1989;
Fonseca, 1998). Effects of these factors are well known in the literature.
Temperature is responsible for decreasing development time, instar intervals,
time between clutches, and longevity (Rietzler, 1998). It was verified by Vanni

& Lampert (1992) that Daphnia species appears to react similarly to resource
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depression, regardless if this arises from low food quantity or low food quality.
The observed effects of relatively lower quality and quantity of food on
cladocerans species generally are delayed age at maturity, decreased size at
maturity, decreased production of eggs and neonates, and also reduced
intrinsic rate of population increase (Hall, 1964; Infante & Litt, 1985; Vanni &
Lampert, 1992; Boersma & Vijverberg, 1996; Amarasinghe et al., 1997; Diaz-
Castro & Hardy, 1998; Rose et al, 2000; Abrantes & Gongalves, 2003).
Ryther (1954) described toxicity and inhibitory effects of Chlorella species on
filtering rates, survival, growth and reproduction of Daphnia magna.

In a classical study dealing with cladoceran life histories, Lynch (1980)
pointed out life history strategies evolved by species of different sizes to avoid
two main kinds of predators: invertebrates and vertebrates. Certain large
species (e.g. large Daphnia) are able to grow to a size at which they are
relatively invulnerable to invertebrate predators. The juveniles of these
species maximize energy input into early growth and postpone reproduction
until they have attained such a size. Such a strategy is of little value to the
small-sized species that remain vulnerable to invertebrates throughout their
lives. Instead, small species minimize the impact of invertebrate predation by
initiating reproduction at an early age. Following the onset of reproduction
they continue to grow, and thereby reduce predation by invertebrates. On the
other hand, their continued growth simultaneously increases their exposure to

vertebrate predators in their later instars.
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Food quality and/or quantity can alter life history strategies of
cladoceran species, leading to a greater vulnerability of some size classes to
predators (Lynch, 1980; Vanni & Lampert, 1992). These factors can also
affect reproduction patterns. Schwartz & Ballinger (1980) demonstrated that
low food quality may result in a longer longevity and lower fecundity, allowing
that individuals remain in the environment longer to have eventually the
opportunity to reproduce later when condition become more favorable. This
flexible reproductive pattern may be an adaptation to a variable environment
imposed by fluctuations of dominant algal species presenting different food
quality characteristics. (Schwartz & Ballinger, op. cit.).

It can be observed that poor results due to poor culture medium for
cladocerans are very similar to those obtained from low quality food fed
cultures (see Girling & Garforth, 1989 and Abrantes & Gongalves, 2003 for
culture medium effects, and Schwartz & Ballinger, 1980 and Vanni &
Lampert, 1992 for food quality effects).

However, there is little information about environment factors influence
on life history traits of Ceriodaphnia silvestrii, a common neotropical
cladoceran species (EI Moor-Loureiro, 1997; Joly & Bicudo, 1999). Fonseca
(1991) studied life history traits of C. silvestrii at laboratory cultures, regarding
some selected growing and reproduction parameters. Rietzler (1998)
evaluated temperature effects on development time, reproduction and

survival of C.silvestrii reared in natural water fed natural seston.
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Moreover, C. silvestrii is currently being tested to become a tropical
standardized species for ecotoxicological bioassays by brazilian pollution
monitoring institutions, CETESB, intending to substitute foreign species such
as Daphnia similis and Ceriodaphnia dubia in ecotoxicological studies.

This paper evaluates the effects of culture medium, food quality, and
the presence of natural dissolved organic matter (humic substances) on some
selected life history traits of C. silvestrii, such as age and size at first
reproduction, clutch size, fecundity, longevity, maximum body size, among
others. The kind of DOC tested in this study was humic substances (IHSS
Suwanee River Humic Substances). It was also obtained the body length-dry

weight relationship of C. silvestrii, and its intrinsic rate of population increase

(r).

48



Material and Methods

C. silvestrii neonates were harvested as soon as they were born from
females cultured in laboratory controlled conditions. Each neonate was
measured by a micrometer eyepiece fitted to a Leica MZ6 optical microscope,
and individually placed in test tubes vessels containing 50mL of water. The
animals were maintained at a temperature of 25 + 1 °C, with a light/dark
regime of 12/12h. Algae were supplied as food source in a concentration of
10° cells mL™. Daily, the medium was replaced by a fresh one, containing
fresh food. The animals were observed every 12 hours since its birth until
natural death, except for the treatment with humic substances, which was
carried out for a period of 15 days. Stock cultures of C. silvestrii were
maintained in the same experimental conditions for acclimation to each
treatment.

Algal species used as cladocerans food source in this study
(Scenedesmus bijugus and Chlorella lacustris) were cultured in WC medium
(Guillard & Lorenzen, 1972), modified by Lombardi & Vieira (2000). Algal
cultures were maintained in laboratory controlled conditions, under a
light:dark regime of 12:12h and at 25+1°C.

Growing and reproduction parameters of C. silvestrii were daily
recorded during the time of experiment, and were defined based on
Vijverberg (1989) and Bottrell (1975). Life history parameters were: body
length, age at primipara, size at primipara, number of instars, instar of

primipara, longevity, number of eggs per female, number of neonates per
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female, percentage of eclosion, embryonic period, and time between
clutches.

Animals were submitted to five different treatments with at least 9
replicates for each treatment: (BBChl) autoclaved natural water filtered
through plankton net of 20pum mesh size, supplied with Chlorella lacustris (12
replicates); (BBScen) autoclaved natural water filtered through plankton net of
20um mesh size, supplied with Scenedesmus bijugus (15 replicates); (AR)
soft reconstituted water supplied with S. bijugus (17 replicates);, (ARSH) soft
reconstituted water supplied with S. bijugus plus humic substances in a
concentration of 20mg L™ (9 replicates); and (ARHard) hard reconstituted
water supplied with S. bijugus (16 replicates). For the last treatment, it was
used IHSS Suwannee River Humic Substances (7.0% ash, 52.47% C, 4.19%
H, 42.69% O, 1.10% N, 0.65% S, and 0.02% P).

Artificial medium used was U.S. EPA reconstituted soft fresh water
(U.S. EPA, 1991), with hardness as 44.0mg CaCOs; L™ and hard water, with
hardness as 150.0mg CaCOs L. Natural water and animals which initiated
stock cultures were collected at Barra Bonita reservoir (22° 29" S e 48° 34’
W, Barra Bonita, Sao Paulo state, Brazil).

Differences among the five treatments were analysed with one-way
ANOVA followed by the Tukey multiple comparison test when parameters
were parametric and with Kruskal-Wallis (non-parametric ANOVA) followed

by Dunn’s multiple comparison test when they are not (Zar, 1999).
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51
To find out body length-dry weight relationship for C. silvestrii, 20-40

non-preserved individuals of similar sizes from stock cultures were harvested,
measured by a micrometer eyepiece fitted to a Leica MZ6 microscope, and
placed inside aluminum “boats”, previously dried (60°C for 24 hours), and
weighed on a Mettler Toledo UMT2 microbalance (legibility of 0.1 ug). Three
size classes were chosen: neonates up to 24 hours of age; juveniles; and
adult females (without eggs). There were at least three replicates for each
size class. This method is similar to those described in Bottrell et al. (1976)
and Mansudire (1994).

Mean dry weights and body length measurements were used to obtain

length-weight relationship, as follow:

b
W =a.l . where

W is dry weight (ug), L is body length (mm), ‘a”and 'b” are constants.

0™ software.

Regression equation was derived using Origin 6
The instantaneous rate of population increase (r) was used to estimate
the effects that different treatments had on daphnids capacity to increase in

numbers. Rate of population increase (r) was calculated based on Ricklefs

(1990) by the equation:

n

E Pm.e' =1

— L , Where
l:



e is the base of the natural logarithm; P; is the proportion of females survivors
at age /; m; is the mean number of neonates per female at age /; and i is

given in instars (1...n).
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Results

Development, growing and reproduction parameters of C. silvestrii
were significantly affected by the five different treatments (as shown in Table
1). Animals reared in the BBScen treatment produced eggs before any other
(mean of 2.63 days), followed by ARSH (2.89 days), AR (3.09 days),
ARHARD (3.21 days) and BBChl (4.21 days) (as shown in Table 2).

BBScen treatment showed the highest value for mean neonates
female™ (see Fig. 1). During all life cycle, females of this treatment produced
the highest mean number of neonates, 107.07 (as shown in Table 2). The
lowest mean number of neonates per female was in the AR treatment, with
just 7.41 neonates. BBChl and BBScen showed the highest values for
eclosion percentage, which were very similar (89.30% and 85.65%,
respectively). ARHARD had an eclosion of 78.06%, followed by ARSH, with
74.42%, and AR treatment, with 52.92% (as shown in Table 2).

Mean body lengths per instar is given in Figure 2. BBScen treatment
showed the greater body length and faster growth. Animals reared in BBChl
grew more slowly, and showed the greatest mean longevity (36.0 days),
followed by BBScen (28.8 days) (as shown in Table 2). Mean number of
molts of these two treatments showed similar values: 18.3 for BBScen and
23.0 for BBChl. BBChl treatment was responsible for the greatest survival,
and AR treatment for the lowest (see Fig. 3). The maximum mean body
length registered was in BBScen treatment (1.02 mm), and lowest in AR and

ARHARD treatments (0.74 and 0.75mm, respectively) (as shown in Table 2).
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Food source did not result in statistically significantly differences
between BBScen and BBChl treatment in relation to time between clutches:
1.66 and 1.64 days, respectively (as shown in Table 2). AR treatment showed
a slightly longer time (1.90 days).

Figure 4 illustrates the influence of the five tested treatments on
proportion of aborted eggs by females of C. silvestrii. Females submitted to
AR and ARSH treatments had faster increasing of proportion of aborted eggs
early in their lives. Females from BBScen and BBChl had a similar lower
proportion up to old age, when just before senescence and death they had an
increasing of aborted eggs. The increasing in hardness postponed high
proportion of aborted eggs.

Figure 5 illustrates the influence of environmental conditions on
fecundity parameters, such as accumulated number of neonates female™.
BBScen treatment showed better values of neonates born per female,
followed by BBChl.

Adult females of C. silvestrii vary in mean body length from 0.719 to
0.753mm and in mean individual dry weight from 4.81 to 5.85ug. The range of
similar measurements for other size classes is also given in Table 3. The
length-weight regression equation and plots of dry weight against body length
are shown in Figure 6.

Rate of population increase (r) values calculated to the five different
treatments were: 0.78 d”' for AR treatment, 0.68 d' for BBScen, 0.62 d™' for

ARSH, 0.60 d™' for ARHARD, and 0.53 d”' for BBChl.
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Effects of the presence of humic substances

Between the selected life history parameters which were statistically
analyzed, just embryonic period and mean body length were significantly
different between AR and ARSH treatments (see Tab. 1). Other parameters
such as age at first reproduction, size at first reproduction and instar of
primipara showed statistically similar values. Even so, it is noteworthy that
ARSH treatment showed greater values of eggs and neonates female™” (as

shown in Table 2).

Effects of food quality

Between BBScen and BBChl treatments, which the only difference was
the algae supplied as food, some parameters showed significant differences.
Females fed S. bijjugus (BBScen) had its first reproduction at an early age
and at an early instar, showed a greater size at primipara and mean body
length (as shown in Table 2). Fecundity parameters were affected by food
quality, but statistical analysis did not show significant differences (as shown

in Table 1).

Effects of culture medium

Culture medium comparisons produced the most pronounceable
differences on both growing and reproduction parameters of C. slivestrii
submitted to BBScen and AR treatments (as shown in Table 2). All

parameters showed statistically significant differences (as shown in Table 1):
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females of BBScen treatment reproduced at an early age and instar, had a
greater size at primipara and mean body length, had greater longevity,
production of eggs and neonates female™, eclosion percentage, number of
instars, and had lower time between clutches and embryonic period in

comparison to females of AR treatment.

Effects of hardness

The increasing in water hardness produced statistically significantly
differences on size at primipara (0.66mm and 0.56mm ), embryonic period
(1.73d and 1.54d), and time between clutches (1.90d and 1.65d) for females
of C. silvestrii submitted to AR and ARHARD treatments, respectively (see
Tab. 1 and Tab. 2). All other observed parameters did not show significantly

differences.
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Discussion

In all treatments, as described by Bottrell (1975) for eight cladoceran
species, adult females of C. silvestrii passed through the following cycle of
events: development of eggs and release of fully develop neonates from the
brood chamber; molting accompanied by an increase in body size; and
release of a new set of eggs from the ovaries into the brood chamber.
Moreover, the duration of adult instars was very similar to time between
clutches and embryonic period.

It is well established that some species of Chlorella can liberate toxins
in the water, thus altering growing and reproduction of cladocerans (Ryther,
1954; McMahon & Rigler, 1965; Infante & Litt, 1985). Greater longevity and
lower fecundity are some of the responses in reaction to the presence of toxic
substances in the water, as it can be seen in the BBChI treatment in
comparison with BBScen - a treatment with a considered high quality food
(Vijverberg, 1989). The relatively high quality Scenedesmus bijugus permitted
to animals to have more eggs per clutch, more neonates per clutch, greater
body length, sooner primipara, and a greater size at first reproduction (as
shown in Table 2). Lower longevity is adopted in favor of a greater
reproduction when organisms are fed on high quality food (Vijverberg, 1989).
Other authors obtained similar results when feeding cladoceran species with
Chlorella. Lundstedt & Brett (1991) concluded that Scenedesmus acutus is a
higher quality food than Chlorella homosphaera to Daphnia longispina,

Bosmina longispina and Chydorus sphaericus. Infante & Litt (1985) obtained
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poor growth and reproduction results culturing Daphnia pulicaria and Daphnia
thorata with Chlorella sp. These poor results are attributed to inhibitory effects
and decreasing of filtering rates caused by Chlorella toxins (Ryther, 1954;
McMahon & Rigler, 1965; Infante & Litt, 1985).

Two patterns of reproduction became apparent from food quality
experiment in this study. The first one, early maturity with high fecundity and
shorter longevity was found in the C. silvestrii fed S. bijugus. In the C.
silvestrii fed Chlorella lacustris, reproductive maturity was delayed and brood
size was smaller, but a longer longevity was observed. Thus, C. silvestrii in a
rich environment would be able to take advantage of high quality sources
available. In a less favorable environment (lower quality food), C. silvestrii
cannot reproduce at the same rate, but its life is lengthened perhaps due to
decreased reproductive stress. Similar results were found by Schwartz &
Ballinger (1980) to Daphnia pulex fed on Pediastrum duplex (relatively high
quality) and Melosira ambigua (relatively low quality), and by Vanni & Lampert
(1992) to Daphnia galeata fed on Scenedesmus acutus (relatively high
quality) and Oocystis lacustris (relatively low quality).

The present results are in accordance with life history strategies
described by Lynch (1980) for small-sized cladoceran species: They initiate
reproduction at an early age, and continue to grow until later instars
simultaneously to reproduction.

The addition of humic substances in reconstituted water (ARSH

treatment) resulted in better values of reproduction and survivorship, as
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neonates per clutch, mean longevity, survival, number of eggs per female
during all its life, percentage of eclosion, and body length (as shown in Table
2), in comparison with AR treatment. Perhaps any addition of dissolved
organic matter would be sufficient to obtain better growing and reproduction
results of C. silvestrii, since dissolved organic matter can also be utilized as
food source for cladocerans (Arnold, 1971; Vijverberg, 1989; Boersma &
Vijverberg, 1996). This result could also be explained by an addition of
nutrients (7.0% ash present in humic substances samples) in the synthetic
medium, or the ability of humic substances of buffering some potential toxins
(Girling & Garforth, 1989). Salonen & Hammar (1986) demonstrated the
importance of dissolved organic matter (DOM) in the nutrition of zooplankton
in highly humic lakes. They showed that several cladocerans species are able
to utilize allochthonous organic matter as food source, either directly or via
other organisms (e.g., bacteria). They obtained good growth and reproduction
results for planktonic crustaceans in the absence of photosynthetic
production. Although allochthonous DOM is generally considered refractory or
of little value as an energy source, it is a composition of numerous
compounds. Since the concentration of allochthonous DOM is very high in
some lakes, even a small biologically available proportion might be
quantitatively important as a source of carbon for food webs (Salonen &
Hammar, op. cit.).

But maybe the major differences revealed in this study were between

BBScen and AR treatments. Reconstituted water is less adequate to the
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culturing of this cladoceran species, as it is shown in all observed life history
parameters.

Abrantes & Gongalves (2003) found similar results when culturing
Ceriodaphnia pulchella both in natural and synthetic medium. C. pulchella
reared in ASTM hard water fed on Selenastrum capricornutum had lower
mean body length and grew more slowly. Moreover, animals delayed to
reach the first reproduction and showed the smallest size at first reproduction.
Girling & Garforth (1989) tested the influence on variations in culture medium
on the survival and reproduction of Daphnia magna. These authors compared
EPA reconstituted water with filtered river water to D. magna during 28 days.
They registered a greater number of neonates per female and survival rate on
river water treatment. When blends of both waters were tested, better results
for these two parameters were obtained when there was more percentage of
natural water (1, 5, 10, 50 and 100%). Vijverberg (1989) also pointed out that
artificial waters prepared using distilled water can give poor culture results.

However, there are many arguments for the use of a synthetic medium
for culture zooplankton at laboratory-controlled conditions: the most important
is that a synthetic medium has a known and reproducible composition. This
cannot be guaranteed if natural waters (surface-, spring-, well, tap-water) are
used for zooplankton culturing. Each laboratory has its own natural water,
which further complicates the interpretation of results. Moreover, a synthetic

medium is more certainly free from pesticides, pollutants and dissolved
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organic matter than most of natural waters, which can be undesirable to the
purposes of zooplankton cultures.

Increasins in water hardness did not result in significant differences on
growing and reproduction parameters (as shown in Table 1), among AR and
ARHARD treatments. Fonseca (1998) observed that C. silvestrii showed
better survival and fecundity reared in soft water (4.0mg CaCOs; L") than in
hard water (143.0 mg CaCOs L™"). Lewis & Maki (1981) studied the effects of
water hardness on productivity of Daphnia magna. There were no significant
differences in fecundity and survival when soft water (50.0 mg CaCO; L™)
and hard water (125.0 mg CaCOs; L") were compared. But when harder
waters were tested (225.0 and 350.0 mg CaCOs; L™), it was observed
significant differences in fecundity, survival, age at primipara and mean brood
size among treatments. In any case were observed significant effects on
mean number of generations nor on adult survival. Treatments tested in the
present study suggest that greater water hardness could not result in better
reproduction and growth to C. silvestrii reared in laboratory cultures, nor in an
improvement of the suitability of U.S. EPA (2002) reconstituted water to this
cladoceran species.

Females reared in BBScen treatment showed low proportion of
aborted eggs until its senescence and natural death, as well as females from
BBChl treatment (see Fig. 4). In spite of a longer longevity, which delayed the
increasing aborted eggs rate of BBChl females by some instars, this

parameter was similar to both treatments. AR females showed the worst
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curve, which was attenuated by the presence of humic substances (ARSH).
Vijverberg (1989) affirms this is a typical reproductive behavior of Cladocera,
which generally produce large broods up to old age, and before senescence
and death there may be a short period with smaller broods and a high
proportion of aborted eggs. Such phenomena can be observed also in Figure
1.

Length-weight regression equation is in agreement with other studies,
which establish this relationship between body length and dry weight (Dumont
et al., 1975; Bottrell et al., 1976; Persson and Ekbohm, 1980; Vijverberg,
1989). As expected, b constant varied near 3.00 (2.52 in this study),
indicating this proportion between body length and dry weight to C. silvestrii.
Dumont et al. (1975) reported very similar results for Ceriodaphnia
quadrangula (W = 1.7 x L) and Ceriodaphnia reticulata (W = 5.91 x L*>%)

Values of intrinsic rate of population increase (r) for BBScen treatment
were greater than BBChI (0.68 d™' and 0.53 d', respectively). Food quality is
supposed to influence ability of a population to increase in numbers, as can
be seen between these two treatments. Relatively higher quality food resulted
in higher r values for other species, as described by Boersma & Vijverberg
(1996) for Ceriodaphnia pulchella fed on Chlamydomonas globosa (r = 0.25
d') and fed on Scenedesmus obliquos (r = 0.05 d'). Higher food
concentrations also are able to raise r values, as reported by Hall (1964) for
Daphnia galeata and Rose et al. (2000) for Ceriodaphnia dubia. Abrantes &

Gongalves (2003) obtained greater r values for Ceriodaphnia pulchella reared
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in natural water than the ones reared in ASTM reconstituted water (r = 0.42 d
'and 0.19 d”, respectively). The results of the present study do not agree
with this one. It is not clear why the greatest value of r was in AR treatment
(0.78 d'1), which had the poorest results in reproduction parameters.
Moreover, ARSH had a greater value than BBChl (0.62 d and 0.53 d,
respectively).

Table 2 shows a comparison of results of the present study with other
authors, which also investigated life history of C. silvestrii under controlled
conditions. Rietzler (1998) studied life histories responses of C. silvestrii
under the following conditions: water from the natural habitat of the tested
organisms (Barra Bonita reservoir, Barra Bonita city, Sdo Paulo state, located
at 22° 29" S e 48° 34" W), fed on natural seston, at 25°C. Water hardness and
pH were not considered by this author. C. silvestrii fed on natural seston had
its primipara later, were smallest at first reproduction, had lower body length,
production of eggs and neonates female™ than in natural water treatments of
the present study (BBScen and BBChl). Abrantes & Gongalves (2003)
demonstrated that food conditions altered all these life history parameters, as
it can be seen in Table 2 between BBScen and BBChl results from the
present study and Rietzler (1998) data.

Fonseca (1991) cultured C. silvestrii in natural water (pH ~7.0, water
hardness as ~150.0mg CaCOs; L), fed on Monoraphidium dybowskii (10°
cells mL™), at 25°C. Females submitted to this culture condition had greater

fecundity, size at primipara and body length when compared to Rietzler
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(1998) data. Fonseca (1991) growing and longevity data were similar to data
from BBScen treatment of the present study, except that fecundity parameter

was lower (85 neonates female™ against 107 neonates female™ in BBScen).
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Conclusion

Through the present study, it is possible to conclude that S. bijugus is
a relatively better food source for C. silvestrii than C. lacustris on laboratory
cultures, based on the observed life history parameters. The two food sources
tested were capable of shift the reproductive strategy of C. silvestrii. The
relatively higher quality food provided an early primipara, higher production of
neonates, and a shorter longevity, while the relatively lower quality food
allowed C. silvestrii females to live longer, have a lower neonate production,
and have primipara latter. It was also possible to find out that the addition of
humic substances resulted in better development, growing, reproduction and
survival values for C. silvestrii. Natural water proved to be a better water
culture for C. silvestrii than artificial reconstituted water, as shown by the
observed life history parameters. An increasing of water hardness did not
result in a better suitability of U.S.EPA reconstituted water to C. silvestrii.

C. silvestrii also fits into small-sized life history strategies: it initiates
reproduction at an early age and small size, and continue to grow until later
instars simultaneously to reproduction, thus sharing energy allocation

between growth and reproduction.
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Table 1. Statistical analysis of selected life-history parameters of C. silvestrii at five different treatments.

Parameter Test applied (*¥) P Treatment
AR ARSH(*) BBScen BBChl ARHARD
Age at primipara (days) KW /D < 0,0001 a ab b c a
Size at primipara (mm) KW /D < 0,0001 bcd bcd cd ab a
Instar of primipara KW /D < 0,0001 a a b a a
Total number of instars KW /D < 0,0001 a nd* b b a
Longevity (days) KW /D < 0,0001 a nd* b b a
Number of eggs / female KW /D < 0,0001 a nd* b b a
Number of neonates / female KW/D < 0,0001 a nd* b b a
Embryonic period (days) A/TK < 0,0001 d nd* ab b bc
Time between clutches (days) A/TK < 0,0001 a nd* b b b
Maximum body length (mm) KW /D < 0,0001 a nd* b b a

(*) nd: not determined up to the end of experiment; (**) A = Anova, KW = Kruskal-Wallis; TK = Tukey-Kramer; D = Dunn’s.
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Table 2. C. silvestrii development, growing and reproduction parameters found in life history experiments, from five different

treatments: AR, ARSH, ARHard, BBScen and BBChl. The last four columns present data from C. silvestrii obtained by other

authors.

AR (N=17) ARSH (N=9) ARHard (N=16) BBScen (N=15) BBChI (N=12) Fonseca, 1991 Rietzler, 1998

Means S.D. Means S.D. Means S.D. Means S.D. Means S.D. Means S.D. Means S.D.

Age at primipara (days) 3.09 0.32 2.89 0.22 3.21 0.51 2.63 0.23 4.21 0.58 - - 4.50 0.53
Size at primipara (mm) 0.66 0.03 0.64 0.02 0.56 0.04 0.72 0.05 0.61 0.03 0.77 - 0.59 0.04
Instar of primipara 3.94 0.24 4.00 0.00 4.00 0.51 3.27 0.46 417 0.39 - - - -
Number of instars 9.29 059 11.33* 050 1012 1.66 1833 3.06 23.00 252 - - - -
Longevity (days) 14.76  1.03 15 - 1559 314 2880 482 36.00 3.64 29.8 5.89 1722 2.86
Number of eggs / female 1441 255 36.66* 6.71 1525 449 12453 32.87 101.08 41.27 - - 32.00 17.14
Number of neonates / female 7.41 191 2777* 870 1200 458 107.07 29.71 9183 4142 85.00 - 413 221
Eclosion (%) 5292 16.89 7442* 1587 78.06 16.01 8565 590 89.30 9.64 - - - -
Embryonic period (days) 1.73 0.09 161* 0.05 1.54 0.11 1.62 0.04 1.55 0.06 - - 1.33 0.47

Time between clutches (days)  1.90 028 160* 0.04 1.65 0.12 1.66 0.06 1.64 0.09 - - - -
Maximum body length (mm) 0.74 0.02 0.82* 0.05 0.75 0.03 1.02 0.03 0.91 0.05 1.04 0.04 0.66 -

* Data obtained until 15 days since birth; ** Mean number of neonates produced per female per instar. Data marked with "-" weren't registered by the authors.
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Table 3. Mean body length (mm) and mean individual dry weight (ug) of

Ceriodaphnia silvestrii from Barra Bonita reservoir at three life stages (neonate,
juvenile and adult).

MEAN BODY MEAN INDIV.

N’ LENGTH WEIGHT
(mm) (bg)
NEONATES 3(120)  0.341+0.006 1.337 +0.169
JUVENILES 3(60)  0.561+0.013 2.113+0.159
ADULTS 5(100)  0.736 +0.017  5.335+0.523

* Number of replicates. In parenthesis, total number of individuals measured.
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Figure 1. Mean number of neonates per female per instar of C. silvestrii from five
different treatments: AR, ARSH, ARHard, BBScen, and BBChl.



76

——ARHARD|| —* AR | [ = BBChl |
| A—ARSH | [ —o— BBScen|

1,1+

10- 11331333337

Mean Length (mm)
--:-.-'-l!'-j‘::-v

SRORRCN— = -

05+ " E
044 K

0,3 -

—T— —T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Instar
Figure 2. Mean body length (mm) per instar of Ceriodaphnia silvestrii submitted to
five different treatments: AR, ARSH, ARHard, BBScen, and BBChl. The error bars
give the S.D.
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silvestrii submitted to five different treatments (AR, ARSH, ARHard BBScen, and

BBChl).
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individuals of C. silvestrii submitted to five different treatments: BBScen, BBChl,
ARHard, ARSH and AR.



80

W =11,30. L**
R*=0,91

6,5
6,0
5,5
5,0
45
4,0
35
3,0 -
2,5
2,0
15
1,04

Mean individual dry weight (ug)

054
0.0

0,0 0,1 0.2 03 04 0,5 0,6 07 0,8
Body length (mm)

Figure 6. Relationship between body length (mm) and dry weight (ug) of C.

silvestrii from Barra Bonita reservoir (SP, Brazil).



81
THE EFFECTS OF HUMIC SUBSTANCES ON IONIC

COPPER TOXICITY AND ACCUMULATION BY
CERIODAPHNIA SILVESTRII DADAY (CRUSTACEA,
CLADOCERA)

Maria Alice Penna Firme dos Santos’?, Maria da Graga Gama Melzo'?,

Ana Teresa Lombardi®.

' Federal University of S&o Carlos, Department of Hydrobiology, Laboratory of Plankton, P.O. Box 676,

13565-905, Sao Carlos-SP, Brazil.
2 Programa de Pés-Graduagéo em Ecologia e Recursos Naturais (PPG-ERN/UFSCar).
% Federal University of Paranda, Center for Marine Studies, P.O. Box 50002, 83255-000, Pontal do Parana-PR,

Brazil.

Correspondence: Maria Alice Santos, R. Dr. Luverci Pereira de Sousa, 21, Cidade Universitaria, Campinas-

SP, Brazil. Zip code 13084-030. E-mail: maria.alice.santos@globo.com.

Abbreviated title: Humic substances and copper toxicity to C. silvestrii.

Keywords: humic substances, Ceriodaphnia silvestrii, toxicity, copper,

bioavailability, bioaccumulation.


mailto:maria.alice.santos@globo.com

82
Summary

1. Copper acute toxicity and bioaccumulation by Ceriodaphnia silvestrii
(Cladocera, Daphnidae), was studied in the absence and presence of humic

substances (HS).

2. Groups of 20 adult females of similar sizes were exposed to varying total copper
concentration (from 10® to 10° M) for a period of 24h. LCs, was estimated by
Trimmed Spearman-Karber method. Based on total copper concentration, LCs, in
the absence of HS was 4.4x10® M, whereas with 20mg L™ HS, LCso was 1.1x10’

M.

3. LCso values based on free ion concentration were similar: 3.3x10°M without
humic substances, and 2.8x10®M when HS were present in the medium. These
results suggest that copper toxicity evaluations based on free ions instead of total

concentration values are more accurate.

4. Free copper ions were determined in test media and it showed that humic

substances reduced Cu?* concentration.

5. C. silvestrii is capable of regulating body copper concentrations over a range of
copper availabilities, as so many other crustaceans. As also reported, humic

substances did not influence copper bioaccumulation by C. silvestrii.
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Introduction

Trace metals are natural components of the biosphere. Although metals are
essential for life, several are toxic at high concentrations; for some of them, there
is a narrow window between what is essential and what is toxic (Luoma, 1983).

It is well established that in aquatic environments, copper toxicity depends
more on the chemical form of the metal than on its total concentration. Toxicity to

aquatic organisms has been directly correlated to Cu?

concentration (Andrew,
Biesinger & Glass, 1977; Giesy, Newell & Leversee, 1983; Wangersky & Maass,
1991; Kim et al., 1999; Ma et al., 1999, Lombardi et al., 2002).

A number of environmental and biological processes may influence the
accessibility of metals to organisms, thus affecting metal bioavailability and toxicity
(Luoma, 1983). Environmental factors such as salinity (Lores & Pennock, 1998),
pH (Schubauer-Berigan et al. 1993; Gagneten & Vila, 2001; Heijerick, Janssen &
Coen, 2003), ionic strength (Cao et al., 2004), water hardness (Heijerick et al.,
2003), and naturally occurring organic materials (Lombardi & Jardim, 1997; Lores
& Pennock, 1999; Lombardi & Vieira, 2000; Gorbi et al., 2002), are able to alter
bioavailability and consequently toxicity of metals in aquatic environments.

McKnight (1981), studying a reservoir in northeastern United States,
concluded that humic substances controlled the chemistry of copper added to that
reservoir. Reuter & Perdue (1977) point out that substantial quantities of copper
may be complexed by fulvic acids even in the presence of high concentrations of
competing cations. Saar & Weber (1982) emphasize the role of fulvic acids (FA) in

the toxicity of metal ions, such as copper. The authors reported that it can reduce

biological availability or toxicity, and that they can act as metal-ion buffer. Heijerick
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et al. (2003) demonstrated that an increase in DOC decreased zinc toxicity to

Daphnia magna. Porta & Ronco (1993) evaluated the reduction of Cu(ll) toxicity to
the rotifer Brachionus calyciflorus, in the presence of natural freshwater fulvic
acids.

Several authors have demonstrated the reduction of acute copper toxicity to
daphnid species by natural humic waters: Giesy et al. (1983) found a reduction of
toxicity to Simocephalus serrulatus (values from 0.5 to 15.6 mg TOC L™), Winner
(1985) to D. pulex (0.75 and 1.5mg HA L), Oikari et al. (1992) to Daphnia magna
(values from 14 and 20mg HS L™, Kim et al. (1999) to Ceriodaphnia dubia (2.5 to
10 mg DOC L™, and Ma et al. (1999) to C. dubia (5 to 20mg HA L),

Toxicity evaluation of a chemical is commonly verified by its lethality, which
indicates the concentration that kills 50% of the test organisms (LCsp). In spite of
the importance of dissolved organic matter (DOM) on metal dynamics in aquatic
environments (Wang, 1987), most of the experiments that determine LCsy are
conducted without its consideration (Koivisto, Ketola & Walls, 1992; Borgmann,
Norwood & Clarke, 1993; Koivisto & Ketola, 1995). As we demonstrate in the
present investigation, this practice is subject to errors if we consider that several
water bodies contain variable amounts of naturally occurring DOM.

A study on the effects of DOM on the toxicity of metals such as copper is of
interest to the understanding of processes controlling the biological availability of
metals in aquatic systems. In this context, the purpose of the present study was to
investigate the effects of humic substances (HS) on copper bioavailability, toxicity,
and bioaccumulation to a common herbivorous zooplankter present in subtropical

eutrophic reservoirs, Ceriodaphnia silvestrii (Joly & Bicudo, 1999).
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Several authors have demonstrated copper regulation patterns as

accumulation strategy for some crustaceans species, whereas others showed
accumulation patterns for other species (Rainbow & Dallinger, 1991). Borgmann et
al. (1993) showed that the amphipod Hyalella azteca completely regulates copper
body concentration over a range of dissolved copper concentrations. Rainbow &
White (1989) compared copper accumulation strategies between different
crustacean taxa: a decapod (Palaemon elegans), an amphipod (Echinogammarus
pirloti) and a barnacle (Elminius modestus). The first organism was capable of
regulating body copper levels to a constant value over a range of dissolved
environmental copper, whereas the amphipod and the barnacle accumulated
copper at all dissolved copper exposures with no evidence of regulation. Zia &
Alikhan (1989) showed that the decapod Cambarus bartoni are capable of
regulating body copper concentration. Ahsanullah et al. (1981) demonstrated that
the shrimp Callianassa australiensis accumulated copper, showing no regulation
pattern. Rainbow & Moore (1986) showed a variety of amphipod species that
accumulate or regulate body copper concentrations.

The effects of humic substances (and some of its fractions) on
bioaccumulation of copper by several organisms has been shown by Winner
(1985), who reported a decrease of copper bioconcentration factor (BCF) by the
same Daphnia species in the presence of humic acids. However, Winner (1984)
demonstrated that humic acids had no influence on bioaccumulation of copper by
Daphnia magna. Giesy et al. (1983) found that in humic waters, the cladoceran
Simocephalus serrulatus accumulated less copper than when they were grown in

waters free from humic substances.
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The test species chosen in this study, C. silvestrii, is currently being tested

to become a tropical standardized species for ecotoxicological bioassays by
Brazilian pollution monitoring institutions and methodological designer institutions
(CETESB, ABNT), for, in a near future, substitute foreign species such as Daphnia
similis and Ceriodaphnia dubia. This study intends also to contribute to obtain
more information regarding this test species, C. silvestrii, which has scarce

biological and toxicological data about it (Fonseca, 1998; Rietlzer, 1998).
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Methods

Females of C. silvestrii used in the experiments were reared in U.S. EPA
reconstituted fresh water (U.S. EPA, 1991) (hardness as 44.0mg CaCO; L™, and
pH 6,8) at a temperature of 25 £ 1 °C, with a light:dark cycle of 12:12 h. The green
algae Scenedesmus bijugus was used as food source (10° cells mL™). Laboratory
cultures were initiated from females collected at Barra Bonita Reservoir, located at
22°29° S e 48° 34" W, at the city of Barra Bonita, SP (Brazil).

Prior to incubation, the animals were kept in reconstituted water for one
hour to empty their guts. Groups of 20 adult females of similar sizes were
separated, put into 60mL vessels, and exposed (24h, 25°C £ 1) to several copper
(CuCly) concentrations with and without the addition of humic substances (nominal
concentration of 20mg L™"). Copper concentrations were: 10%; 1.6x10%; 4x10%; 10°
7.10®, 2x107%; 5x10° and 10° M. Three replicates were performed for each copper
concentration. Experimental vessels were capped to avoid losses by evaporation.

Free copper ion concentration was determined before and after organisms
exposition, using a cupric ion-selective electrode (ISE, ANALION model Cu-641)
and a reference glass double-junction electrode (ANALION, model R-684). pH
measurements were performed using an ANALION pHmeter (model pm-608).
After 24 hours of incubation, dead and living animals from the experiments were
counted of and LCso estimated by Trimmed Spearman-Karber method (Hamilton et
al, 1977). LCso values were estimated both based on total nominal concentrations
and on free ion concentration for the two treatments. It was considered dead those
animals that did not show any leg, antenna and heart movements over a short

period (e.g., 5 seconds) of observation through an optical microscope.
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Copper accumulation was determined in living animals, which were dried

(60°C, 48h) in previously acid (1M HNOs, 24h) washed membrane filters.

Digestion of samples was performed on Teflon® screw-capped vials to
which 200uL of concentrated ultra-pure HNO; (J.T. Baker) was added and kept at
90°C for 48h. Details of such procedures may be encountered in Lores et al.
(1999). Copper concentrations was further determined in the liquid samples by
DP-ASV using a Eg&G Instruments polarograph (model 303A SMDE).

In the present study, we have used standardized Suwannee River Humic
substances, from International Humic Substances Society (Cat. N° 1R101N, 7.0%

ash, 52.47% C, 4.19% H, 42.69% O, 1.10% N, 0.65% S, and 0.02% P).
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Results

Free copper measurements obtained by ISE showed that the presence of
humic substances (20mg L™) in the test environment decreased free copper ion
concentration, as shown in Fig. 1.

Survival of the organisms decreased with increasing copper concentrations
in test medium both with humic substances and without it, but C. silvestrii was less
affected by copper when humic substances were present. Fig. 2 shows that the
addition of 20mg L™ HS to the test water (a mixture of reconstituted water and
copper solution) shifted the copper toxicity curve to considerably higher total
copper concentrations.

LCso (24h) values were estimated both based on total nominal
concentration (M) and free ion concentration, obtained by ISE. These results,
which are presented in Tab. 1, show that LCsy based on total copper concentration
varied significantly between the treatment without HS and that with 20mg L™ HS:
4.4 x10°M (7.6ug L") and 1.1 x 10° M (185.0ug L™), respectively.

Copper toxicity evaluation using free ion concentrations resulted in similar
values of LCsp (24h): 3.3 x 10° M (5.6ug L") with HS present in the test medium
and 2.8 x 10 M (4.8ug L) without humic substances (Tab. 1). The data were
fitted to a sigmoidal curve, and a single toxicity curve (Fig. 3), with a correlation
coefficient, R?=0.98 (n = 33), was obtained.

Mean body copper accumulation results for all tests performed are showed
in Fig. 4. Body copper values for animals were similar between the treatments
(with and without HS). Copper content in dead animals was also determined, and

it is shown in Fig. 4 by the “%” symbol. They appear to have slightly superior body
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copper contents than living animals. Inside each treatment, copper values are

similar over a range of dissolved copper availabilities. These results suggest a

regulation pattern adopted by C. silvestrii.
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Discussion

The reduction of free copper ion concentration in the presence of humic
substances (Fig. 1) is in agreement with other studies that investigate the effects
of DOM on copper speciation (Giesy et al., 1983; Cao et al., 2004). This observed
reduction is explained by Saar & Weber (1982), which report the ability of adjacent
anionic sites of fulvic acids to form strong complexes with divalent metal ion, such
as Cu™. Reuter & Perdue (1977) also point out that the acidic character of humic
substances enables them to interact with cations of heavy metals, forming
complex linkages of various kinds by ion-exchange, surface adsorption and
chelating, and also making stabilities constants of the metal-humic complexes in
natural waters higher than those of the corresponding inorganic metal complexes.

The present results showed a shift of copper LCsy by humic substances
from 4.4 x 108 M (7.6pg L") to 1.1 x 10° M (185.0ug L") to C. silvestrii. These
results confirm others from literature, where a reduction of copper acute toxicity is
observed in the presence of several kinds of DOM (Tab. 2). Giesy et al. (1983)
found a negative correlation between toxicity and total dissolved organic carbon
(DOC) concentration for the daphnid Simocephalus serrulatus. LCsy (24h) values
shifted from 7.2ug L™ (3mg DOC L™) to 43pug L™ (12.4mg DOC L™). Winner (1985)
obtained a reduction of LCsq (72h) from 25.9ug L™ to 67.3ug L™ in the presence of
humic acids to D. pulex. Oikari et al. (1992) demonstrated that humic waters, as
compared to humus-free control water, altered copper toxicity to Daphnia magna.
They report a LCsp (48h) of 7.0ug L™ for organisms exposed to copper in the
absence of humic substances and 45.0ug L™ in the presence of HS. Kim et al.
(1999) showed that an increase in DOM concentration (0, 2.5 and 10.0mg L)

reduced copper toxicity to C. dubia to 20.1, 87.2 and 190.0ug L™, respectively.
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The observed lower Cu®* concentration in the presence of humic

substances may explain the reduction in copper toxicity to C. silvestrii. The single
toxicity curve showed in Fig. 3 relating survival of C. silvestrii and free copper ion
concentration (M) demonstrate that acute toxicity of copper is directly correlated to
Cu?" concentration rather than the total copper concentration. All these studies
cited above have reported lower toxicity of some chelated or complexed forms of
copper. However, they have failed to show a direct relationship between toxicity
and Cu®* concentrations.

Several authors also obtained a single toxicity curve based on hydrated free
copper ion concentrations, regarding different speciation influencing factors.
Sunda & Guillard (1976) obtained a single growth curve for the diatom
Thalassiosira pseudonana based on pCu, varying pH and ligand concentration
(Tris cupric ion- and hydrogen ion- buffer) between treatments. Meador (1991)
showed through regression models a very high correlation between measured
ionic copper and Daphnia magna mortality, concluding that cupric ion
concentration was a major determinant of acute copper toxicity to this cladoceran.
Both Kim et al. (1999) and Ma et al. (1999) testing a number of DOC and humic
acids concentrations, respectively, found a single acute toxicity curve to
Ceriodaphnia dubia based on free copper concentration, rather than total copper
concentration. Eriksen et al. (2001) demonstrated a very strong correlation
between the concentration of free copper measured by ISE and the reduction of
algal growth (Nitzschia closterium) at two salinity values. Lorenzo et al. (2002)
explained better the toxicity of copper to sea-urchin larvae (Paracentrotus lividus)
by measures of labile copper concentration, rather than total copper concentration,

both in the presence and absence of humic acids on seawater.
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The evaluation of LCsy estimated based on free copper ion concentration

confirms that what causes toxicity to C. silvestrii is the ionic form of the metal: both
LCso values (in the presence and absence of humic substances) are very similar
(5.65ug L™ and 4.85ug L, respectively).

Tab. 2 shows the comparison of LCsy values for copper obtained for C.
silvestrii with those for other cladocerans. It shows that the LCso values cited were
different from each other. However, as animal’s response to heavy metals can be
changed by a number of factors, such as: species-specific sensibility, pH,
temperature, water hardness, exposure time, and the presence of natural organic
matter in water (and its concentration).

In these environments, the significance of DOM on metal toxicity can be as
large as or even larger than that of many other abiotic factors (e.g. temperature,
oxygen, salinity) or intraspecies factors, like the phase of organism reproductive
cycle (Oikari et al., 1992). Even minute amounts of natural organic matter can
markedly alter the toxicity of pollutants (Winner, 1985). Moreover, even in the
presence of excesses of major competing cations, such as Ca**, the complexation
of metal ions by humic substances can be significant (Reuter & Perdue, 1977).

The present study emphasizes that DOM must be taken into account when
conducting toxicity tests. DOM-free ecotoxicological tests may overestimate trace
metal toxicity in eutrophic aquatic ecosystems, when water quality criteria and
standards are being designed taking into account only total metal concentrations
rather than its inorganic forms (Allen & Hansen, 1996).

Regulation pattern of body copper concentrations in C. silvestrii suggested
by the present results was also described for other species of crustaceans, by

several authors, which exposed these animals over a range of dissolved copper
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concentrations. Rainbow & White (1989) demonstrated that the decapod

Palaemon elegans regulated copper at exposures up to and including 100ug Cu L
' Borgmann et al. (1993) showed that the amphipod Hyalella azteca is capable of
regulating copper over long periods of time (10 weeks), presenting the same body
copper concentration of control animals. Amiard et al. (1987) verified that the
crustaceans Palaemonetes varians, Carcinus maenas and Crangon crangon
maintained body copper concentration constant up to exposures of 200ug Cu L™,
Humic substances influence on bioaccumulation appears as a contradictory
subject. The present study reports that humic substances had no significant effect
on bioaccumulation of copper in C. silvestrii. Giesy et al. (1983) concluded that the
presence of dissolved organic matter decreased the accumulation of copper by
Simocephalus serrulatus. Winner (1985) found that humic acids reduced copper
bioaccumulation by Daphnia magna. It is not clear whether other factors must be
taken into account when verifying humic substances presence and

bioaccumulation of copper by cladocerans.
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Conclusion

Our results confirmed others from literature, showing that humic substances
are able to reduce free copper ion concentration in aquatic environment,
consequently reducing copper toxicity. These results demonstrate that acute
copper toxicity to C. silvestrii is directly related to free copper ion concentration.
The present study emphasizes the importance of considering the influence of
humic substances on metal bioavailability and toxicity assessments in aquatic
environments. This is particularly important if eutrophic environments (usually
DOM-rich) are evaluated. As also reported, humic substances appears to not
influence copper bioaccumulation by C. silvestrii. Moreover, C. silvestrii regulates
body copper concentrations over a range of copper availabilities, so as many other

crustaceans.
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FIGURE 1 — pCu™ (-log free ion copper concentration, M) versus total
(nominal) copper concentration in the test environment with 20mg L™ of humic
substances (dark columns) and without humic substances (white columns).
Horizontal lines represent average LCsy, values based on nominal copper
concentrations obtained from toxicity tests performed without HS (dashed line) and

with HS (straight line).
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FIGURE 2 — Survival rate (%) of C. silvestrii in relation to total nominal copper
concentration (M), modified by presence of 20mg HS L™ (o) and absence of HS
(w). Each value represents the mean and standard deviation of three replicates for

20 daphnids.
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FIGURE 3. Effect of free copper ions concentration (M) on % survival of C.
silvestrii in toxicity tests both in the presence and absence of humic substances (n

=33, R*=0.98).



0,10

0,08 +

0,04 -

MCu ug dw. -

0,02

v¢ Deaddaphnids || = Without HS 20mg L' HS
Linear fit Linear fit
* - f_" s

0,00

—
-85 -8,0 7.5 -7,0 6,5 -6,0 5,9 -5,0

log [Nominal Cu concentration] (M)

104

FIGURE 4. Mean body copper concentrations (uCu pg dry weight™') of C. silvestrii

exposed to a range of nominal copper concentrations, both in the presence (white

squares) and absence (dark squares) of humic substances. Each value represents

the mean and standard deviation of three replicates for a variable numbers of live

daphnids at the end of exposure time (24h) except for values represented by “%”,

which show mean body copper concentrations in dead animals.
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TABLE 1. LCsy values (M) for C. silvestrii exposed to copper in U.S. EPA

reconstituted water with 20mg HS L™ and without HS. LCs, values were estimated
based both on total copper concentration and on free Cu?* concentration. In

parenthesis, values are given in g L™". 95% confidence limits (CL) are given only

inug L.
20mg L' HS Without HS
LC50 1.08 x 10™ (185.02) 4.46 x 10™ (7.62)
Total copper
95% CL 144.00 - 238.00 5.94-9.77
LC50 2.84 x 10 (4.85) 3.31x 10 (5.65)

Free copper
95% CL 424 -554 5.31-6.02




TABLE 2 — Comparison of copper acute toxicity for some cladocerans.
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Species pH Temp. (°C) Water hardness Exposure LCs TIF** [DOM] References
(mg CaCO; L™ Time(h)  (ugL™ (mg L™

Ceriodaphnia silvestrii 6.8 25 44.0 24 7.6 T 0 Present study
6.8 25 44.0 24 185.0 T 20.0
6.8 25 44.0 24 5.65 F 0
6.8 25 44.0 24 4.85 F 20.0

D. pulex 8.7 20 58.0 72 67.3 T 15 Winner (1985)
8.6 20 58.0 72 25.9 T 0

Ceriodaphnia dubia 8.0 25 85+5 24 87.2 T 2.5 Kim et al. (1999)
8.0 25 85+5 24 190.0 T 10.0
8.0 25 85+5 24 20.1 T 0

D. magna 4.9 20 nd 48 7.0 T 0 Oikari et al. (1992)
4.9 20 nd 48 45.0 T ~20.0

Simocephalus serrulatus 6.1 21-24 nd 24 7.2 T 3.0 Giesy et al. (1983)
6.1 21-24 nd 24 43.0 T 12.4

* LC50 values estimated based on total copper concentration (T) or on free copper ion concentration (F). nd: values not described by the authors
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5. CONCLUSOES GERAIS

Através do presente trabalho desenvolvido e descrito nesta dissertagao

de mestrado, € possivel concluir que:

e Scenedesmus bijugus pode ser considerado um alimento de
melhor qualidade, quando comparado a Chlorella lacustris, para o
cladocero C. silvestrii em culturas laboratoriais, através dos efeitos
nas variaveis biondmicas mensuradas no presente estudo.

¢ Os dois alimentos testados modificaram a estratégia reprodutiva de
C. silvestrii. Enquanto o alimento de melhor qualidade (S. bijugus)
proporcionou uma primipara mais precoce e menor longevidade, o
alimento de qualidade mais baixa (C. lacustris) ocasionou uma
primipara mais tardia e uma maior longevidade.

e A adicdo de substéncias humicas ao meio de cultivo artificial (agua
reconstituida) resultou em melhores valores de crescimento,
reproducgao e sobrevivéncia de C. silvestrii.

e A agua de cultivo proveniente do ambiente natural de C. silvestrii
provou ser mais adequada ao cultivo desta espécie que o meio de
cultivo artificial (agua reconstituida).

e a0 aumento na dureza total da agua reconstituida nao foi capaz de
torna-la mais adequada para o cultivo de C. silvestrii.

e A presenca de substancias humicas € capaz de reduzir a

concentracao de ions livres de cobre no meio aquatico.



A presenca de substancias humicas é capaz de reduzir a
toxicidade aguda do metal cobre para C. silvestrii.

A toxicidade aguda do metal cobre para C. silvestrii esta
diretamente relacionada com a concentragcdo de ions livres de
cobre no meio aquatico.

O presente estudo enfatiza a importancia da consideragcao das
substancias humicas quando da avaliacdo da toxicidade de metais
em ambientes aquaticos naturais. A ndo consideragao deste fator
pode acarretar na super-estimativa das concentragdes toxicas,
principalmente em ambientes eutrofizados (e ricos em MOD).

Os resultados obtidos neste estudo sugerem que C. silvestrii
apresenta como estratégia de acumulacdo de cobre a regulagao,
apresentando a mesma quantidade de cobre quando exposta a
diferentes concentragdes deste metal na agua.

A presenca de substancias humicas no meio aquatico parecem
também néo influenciar a bioacumulagao de cobre por C. silvestrii.
Em ambos os tratamentos, as concentragcbes do metal em C.

silvestrii apresentaram-se similares.
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